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BACKGROUND & AIMS: Indian Hedgehog (Ihh) is ex- 
pressed by th< dilll'rentiau-ii epithelial ceih of the small 
intestine and signals to the mesenchyme where it induces 
unidentified factors that negatively regulate intestinal 
epithelial precursor cell fate. Recently, genetic variants in 
the Hh pathway have been linked to the development of 
inflammatory bowel disease. METHODS? We deleted Ihh 
from the small intestinal epithelium in adult mice using 
Cyplal-CreIhh q/ f ! conditional Ihh mutant mice. Intestines 
were examined by immunohistochemistry, in situ hybrid- 
ization, and real-time polymerase chain reaction. RE- 
SULTS: Deletion of Ihh from tire intestinal epithelium 
initially resulted in a proliferative response of the intes- 
tinal epithelium with lengthening and fissioning of 
crypts and increased Wot signaling. The epithelial pro- 
liferative response was associated with, loss of bone nior- 
phogenetic protein and Activin signaling from the epi- 
thelium of the villus and crypts, respectively. At the same 
stage we observed a substantial influx of fibroblasts and 
macrophages inn th h in 

chymal transforming growth factor-/? signaling and dep- 
osition of extracellular matrix proteins. Prolonged loss of 
Ihh resulted in progressive leukocyte infiltration of the 
crypt area, blunting and loss of villi! and the development 
of intestinal fibrosis. CONCLUSIONS; Loss of Ihh ini- 
tiates several events that are characteristic of an in- 
testinal wound repair response. Prolonged loss re- 
sulted in progressive inflammation, mucosal damage, 
and the development of intestinal fibrosis. Ihh is a 
signal derived from the superficial epithelial cells that 
may act as a critical indicator of epithelial integrity. 

Keywords: Indian Hedgehog; Intestine; Regeneration; 
Inflammation. 



Differentiated cells in rapidly renewing tissues such 
as epithelia of the skin and the gastrointestinal 
tract are in a dynamic equilibrium with precursor cells to 
I tl tne^ tl e i )t( ss the 



epithelial surface. 'The balance between input and output 
in homeostatic dynamic equilibria depends on the pres- 
ence of negative feedback loops. The fate and prolifera- 
tion of intestinal precursor cells is regulated by Wnt 
signaling. Indian I Icdgehog (Ihh) is the major Hedgehog 
(Hh) expressed in the colon and. it is secreted by the 
mature enterocytes at the top of the crypt. Treatment of 
rats with Hh inhibitor ey dopamine resulted in increased 
Wnt signaling and precursor cell proliferation whereas 
enterocyte. differentiation was impaired. 1 In Ihh~ f ~ mice 
we observed a failure of proliferating cells to differentiate 
and impaired crypt formation but these mice were not 
viable and died well before birth. 1 Inhibition of Hh sig- 
naling in the developing intestine by transgenic expres- 
sion of Hh antagonist Hedgehog interacting protein 
(Hhip) similarly resulted in accumulation of proliferating 
cells, some in ectopic foci on the small intestinal villi, and 
increased Wnt signaling. 2 Conversely, conditional activa- 
tion of Hh signaling in the adult intestine by inducible 
deletion of Hh binding receptor Patch 1 (Ptchl; which 
acts by repressing the I 1 1 a signaling receptor Smooth- 
ened) resulted in inhibition of Wnt signaling and deple- 
tion of precursor cells that underwent premature differ- 
entiation into the enterocyte lineage. 3 Thus, Hh signaling 
seems to act as a negative feedback signal that contrib- 
utes to the dynamic equilibrium between epithelial pre- 
cursor cells and enterocytes in the intestinal epithelium, 



Abbreviations used in this paper: a-Sma, a-smooth muscle actin; 
Bmp, bone morphogenetic protein; BrdU, bromodeoxyuridine; Gli, gli- 
oma-associated oncogene; Hh, Hedgehog; Hhip, Hedgehog-interacting 
protein; HRP, horseradish peroxidase; Ihh, Indian hedgehog; Pai-1, 
plasminogen activator inhibitor-1; pSmadl,5,8, phosphorylated Smad 
1, 5, and 8; pSmad2,3, pSmad2,3, phosphorylated Smad 2 and 3; 
Ptchl, Patchedl; RT-PCR, reverse-transcription polymerase chain re- 
action; SSC, standard saline citrate; TgfjS, transforming growth fac- 
tor/3. 
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bat several in uesti st in. Firs although a 

genetic loss >f-| c i perim las been performed 
in the developing inti stiiie- a genetic loss-of-function 
experiment in the fully developed adult intestine still 
needs to be performed. Second, although we were unable 
to detect Shh in the mouse intestine by in situ hybrid- 
ization 3 it has been shown using a Shh Green P""™"™* 
reporter mouse that low levels of Shh may be expressed 
by rare cells at the crypt base and thus the relative 
contribution of Shh and Ihh to Hh signaling in the adult 
intestine still needs to be addressed. Third, Hh signaling 
is exclusively from the epithelium to the mesenchyme 3 ' 4 
and the mesenchymal factors that negatively regulate 
precursor cells in response to Hh signaling still await 
identification. Hh signaling regulates the expression of 
bone morphogenetic proteins (Bmps) in the developing 
and adult intestine 1 - 3 ' 5 and increased Hh signaling in the 
adult extends the range of limp signaling through 
Smadsl, 5, and 8 from the top of the crypt toward the 
base of the crypt. 3 Because the Bmp pathway is not 
normally active at the base of the crypt it is unlikely that 
Bmps are the major negative regulators of Wnt signaling 
or precursor cell fate. Indeed, a transgenic mouse that 
overexpressed the Bmp antagonist noggin in the intesti- 
nal epithelium did not have a phenotype until 3 weeks 
after birth 6 - 7 and these mice develop hamartomas, polyps 
that are characterized by abnormal growth of the mesen- 
chyme rather than the epithelium. Possible Hh-depen- 
dent expression of transforming growth factor-/3 (Tgf/3s) 
or Activins, which signal through Smad2 and 3, has not 
been examined. 

The role of Hh signaling in the intestine may extend 
beyond negative regulation of epithelial precursor cells 
because a hypomorphic mutant of downstream tran- 
scription factor GLI1 has now been linked to the devel- 
opment of inflammatory bowel disease." Mere we exam- 
ine the role of Ihh signaling in the adult small intestine 
using mice in which Ihh can be conditionally deleted from 
the epithelium of the small intestine. 

Materials and Methods 

See the Supplementary Materials and Methods 
section for details. 

Mice 

The generation of cytochrome P450-lalCre (CyplalCre) 9 
and Ihh 11 ' 111 - 0 mice has been described previously. At 4 weeks 
of age, CyplalCre-Ihhf / f mice received intraperitoneal injec- 
tions with either 80 mg/kg /3-naphthoflavone (Sigma, St. 
Louis, MO) or vehicle (corn oil) for 5 days in a row. Mice 
were injected with 100 mg/kg bromodeoxyuridine (BrdU) 
(Sigma) intraperitoneally 1 hour before death and examined 
at 2 weeks, and at 1, 2, 4, and 6 months after recombination. 
Vehicle-injected Cyplali re-Ihhf ■"' and j3-naphfhoflavone- 
injected CyplalCre-Ihh"*/"* mice served as controls. For ex- 
amination of recombination efficiency by Cre upon injec- 



tions with /3-naphthoflavone CyplalCre mice were crossed 
with Rosa26Stop fl PLacZ 11 mice. The experiments were ap- 
proved by the Institutional Animal Care and Use Commit- 
tee of the University of Leiden and Amsterdam. 

Immunohistochemistry, LacZ Staining, and In 
Situ Hybridization 

Immunohistochemistry, Lac/ staining, genera- 
tion of probes, and in situ hybridization were performed 
using standard protocols. See the Supplementary Mate- 
rials and Methods for more detail. 

RNA Isolation, Complementary DNA 
Synthesis, and Quantitative Reverse- 
Transcription Polymerase Chain Reaction 

For isolation of RNA from the duodenum a small 
piece of proximal tissue was collected. A detailed descrip- 
tion of RNA isolation and complementary DNA (cDNA) 
synthesis can be found in the Supplementary Materials 
and Methods section. Quantitative reverse-transcription 
polymerase chain reaction (RT-PCR) was performed us- 
ing Sybr Green (LightCycler 480 SYBR Green I Master, 
#04707516001; Roche, Basel, Switzerland) and pre-opti- 
mized primers from Qiagen (Hilden, Germany). Glyceral- 
dehyde-3-phosphate dehydrogenase (Gapdh) was used as 
household gene. Gapdh expression was distributed 
equally between the wild-type and the Ihh mutant mice. 

Statistics 

Statistical analysis was performed with Prism 5.0 
(GraphPad Software, La Jolla, CA). All values were repre- 
sented as the mean ± standard error of the mean. Sam- 
ples were analyzed using the Student t test. For multiple 
comparisons, a one-way analysis of variance was used 
followed by a Tukey post hoc test. Differences were con- 
sidered statistically significant at a P value of less than 
.05. 

Results 

Loss of Ihh Signaling in Adult 
P-Naphthoflavone-Injected Cyplal Cre-Ihhfl/A 
Mice 

We examined expression of Ihh messenger RNA 
(mRNA) (Figure 1A) and protein (Figure LB) in the small 
intestine of the mouse. Both Ihh protein and mRNA were 
expressed exclusively by the differentiated epithelial cells 
on the villi. To examine the role of Ihh signaling in the 
adult small intestinal mucosa we injected adult Cyplal- 
IhW/fl mice and IhhPW control mice with /3-naphthofla- 
vone. This resulted in substantially reduced expression of 
Ihh protein (FigurelB, right panel). Quantitative RT-PCR 
showed sustained loss of Ihh expression at different time 
points after recombination (Figure 1C, P < .001 for all 
groups, n > 4/group). Loss of Ihh expression correlated 
with almost complete loss of Hh targets GUI (86% re- 
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duced, P < .0001) and Hhip (94% reduced, P < .0001) but 
more modest reduction in Picbi expression (36% reduced, 
P = .03) and Ptch2 (65% reduced, P = .03) 2 weeks after 
recombination (n 8 controls vs 6 /M> mutants). Thus, 
expressioi i f an Pi hi i depend cnl> partially 
on ] ill sign ding X-gai staining oi tlu small intestines of 
CyplAl > n i lih re- 

combination along the proximo-distal axis of the small 
intestine (Figure IE) as previously described. 9 

Loss of Ihh Is Sufficient to Initiate an 
Epithelial Wound Healing Response 

Intestinal epithelial wound healing is character- 
ized by increased epithelial proliferation and lengthening 
of crypts, which multiply by a process of budding and 
elongation termed crypt fissioning to replace lost crypts. 
We observed a strong increase in the rate of crypt fission- 
ing in the Ihh mutant mice 2 weeks after recombination 
(Figure 2A and B, 3.3% in control mice vs 13.7% in 
mutant mice; P < .001, n = 5 per group). Two weeks 
later, when the crypts reached substantially increased 
density (1.7 and 3.0 crypts per 100 txm in the control 
[n = 8] vs Ihh mutant mice [n = 7]; P < .001, Figure 2C), 
the rate of crypt fissioning returned to normal (3.3%, n = 



8, Figure 21)). ( jypl fissioning returned again at 2 and 4 
months in the context of chronic inflammation (see 
later). Crypts became progressively longer (from 66 fim in 
the controls to 154 /Am in the Ihh mutant mice at 4 
months [n > 4/time point]; P < .001 for control vs 4 mo) 
and a transient modest increase in villus length was 
observed (Supplementary Figure 1). Changes were mea- 
sured in the duodenum but were similar in the rest of the 
small intestine (data not shown). Ihh mutant mice 
showed an increase in BrdU-positive cells (Figure 2E and 
F) with 6.9 BrdU-positive cells per crypt in controls (n = 
5), 11.7 at 2 weeks (n = 5, P < .01), and 14.2 at 1 month 
(n = 7, P < .001). Although the total number of BrdU- 
positive cells per crypt increased, the relative number of 
positive cells per crypt cell (labeling index) remained 
stable. Because we previously found an inhibitory role of 
Hh signaling on Wnt signaling 1 3 we investigated the 
effect of loss of Ihh on Wnt signaling 1 months after 
recombination. The hallmark of activated Wnt signaling 
in intestinal epithelial cells is nuclear accumulation of 
j3-catenin, 12 which was increased in mutant mice com- 
pared with controls (Figure 3 A and B; 1.9 positive nuclei 
in Ihh mutants [n = 6] vs 1.1 per crypt in controls; n = 



1668 VAN DOP ET AL 



GASTROENTEROLOGY Vol. 139, No. 5 




4; P = .01). We examined the expression of targets of Wat 
signaling, EphB2 and EphB3, and. Cd44 13 by immuno- 
histochemistry and stem cell markers LgrS and Olfin4 by 
in situ hybridization. All were increased in the Ihh mutant 
mice (Figure 3C and D and Supplementary Figure 2). We 
examined the 4 different epithelial cell lineages in the 
small intestine 1 month after recombination (Figure 3E 
and F and Supplementary Figure 3). We observed a mod- 
est increase in the numbers of Paneth cells at the base of 
the crypts (Supplementary Figure .VI), which was stable 
in time. Electron microscopy showed incomplete mi- 
crovillus formation on the enterocytes 1 month after 
recombination (Figure 3E), confirming our previous 
finding that Hh signaling is required for proper en- 
terocyte differentiation. 1 A histochemical staining for 
alkaline phosphatase activity, a marker of differenti- 
ated epithelial cells, showed that the layer containing 
alkaline phosphatase became slightly thinner over time 
and disappeared completely 4 months after recombi- 
nation (Figure 3F). 



Loss of Epithelial Smad Signaling in Ihh 
Mutant Mice 

We examined Bmp signaling by immunohisto- 
chemistry using a phospho-specific antibody against the 
Bmp signaling specific, phosphoiylated Smads 1, 5, and 8 
(pSmadl,5,8), by quantitative RT-PCR for Bmp2, 4, and 7 
and of Bmp targets Idl-4. Nuclear pSmadl,5,8 staining 
was observed in the villi of control mice whereas the 
crypts were negative as described. 7 Loss of Ihh expression 
lead to almost complete loss of pSmadl,5,8 (Figure 4A), 
which correlated with loss of Bmp4 expression (Figure 4B; 
P < .0001; n = 7/group) and reduced expression of Idl 
and 3 (Figure 4C; P = .04 and P = .004, respectively; n = 
7/group). Because pSmadl,5,8 signaling was restricted to 
differentiated cells, loss of Bmp signaling is no explana- 
tion for increased proliferation in the crypts of mutant 
mice. We therefore examined the localization of phos- 
phorylated Smads 2 and 3 (pSmad2,3; Figure 4D), which 
mediate Tgf/3/Activin signaling. Intriguingly, we found 
that activity of Smadl,5,8 and Smad2,3 is mutually ex- 
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elusive because the expression of pSmad2,3 was restricted 
to the epithelial cells in the crypt (Figure 4D). One month 
after recombination, pSmad2,3 in the crypts was strongly 
reduced (Figure 4D). However, quantitative RT-PCR for 



Tgffis and signaling target Plasminogen activator inbibitor-1 
(Pai-1) (Figure 4E) showed an increase in Tgffi expression, 
although not significantly (P = .17 for Tgffil; P = .63 for 
Tgf/32; and P = .27 for Tgffi3; n = 7/group). Pai-1 expres- 
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sion was increased significantly (P = .005; n = 7/group). 
Immunohistochemistry for Pai-i showed that up-regula- 
tion occurred mainly in rht villus mesenchyme (Supple- 
mentary Figure 4), whereas no epithelial staining was 
observed. The lack of correlation between pSmad2, 3 
expression and Tgffi signaling suggested that pSmad2, 3 
in the crypts may depend on Activin signaling. Activins 
are dimeric proteins and are composed of 2 Inhibinj3 
subunits, whereas Inhibins, antagonists of Activins, are 
composed of an Inhibina and an Inhibin/3 subunit. We 
examined the expression of different Inhibins and of 
Goosecoid, a conserved target of Activin signaling 14 (Figure 
4F). Two Goosecoid genes are present in mouse and human 
beings (Goosecoid and Goosecoid!). We found a nonsignif- 
icant up-regulation of the Inhibin-specific Inhibina (P = 
.4) and a down-regulation of all Inhibinfis (P = .003 for 
Inbibinfia; P = .022 for Inhibinfib; P = .02 for Inhibinfic, 
and P = .31 for Inhibinfie; n = 7/group). Expression of 
Inhibinfie was very low in both control and mutant mice. 
Expression of Activin target Goosecoid was reduced (P = 
.01; n = 7 for both groups), expression of ( Ioosecoid2 was 
undetectable. Thus, our data suggest that Ihh is required 
to maintain Bmp signaling in the differentiated epithelial 
cells on the villus and Activin signaling in the crypts. 

Loss of Ihh Resulted in Influx of Macrophages 
and Fibroblasts Into the Villus Core 

Because we observed an increased cellularity of the 
lamina propria of the villi after recombination (Figure 
5A) we carefully examined the mesenchyme for inflam- 
matory cells, markers of (myo) fibroblasts, and smooth 
muscle cells. We observed a dramatic increase in the 
number of F4/80-positive macrophages in the villus core 
from 2 weeks after recombination, which was stable in 
time (Figure SB; 1 7 macrophages per villus in the control 
mice vs 39 in the mutant mice at 2 weeks; n = 3 and n = 
4 respectively; P < .01). Macrophages in the crypt area 
appeared at later stages (see later). In addition to the 
macrophages we observed a strong increase in the num- 
ber of vimentin-positive cells, mainly around the crypt 
villus junction at 2 weeks but throughout the crypt villus 
mesenchyme at 1 month (Figure 5C; from 10.7 positive 
cells in the controls [n = 5] to 19.7 positive cells at 2 
weeks [n = 4; P < .05] and 39 positive cells at 1 month 
[n = 4; P < .01]) We examined whether these vimentin- 
positive cells could be fibroblasts by staining for S1004A 
(Fibroblast-specific protein-1). The number of S100A4- 
positive cells was increased from the 2-week time point 
(Figure 5D; 0.8 S100A4-positive cells per villus in the 
control mice vs 10.2 in the mutant mice at 2 weeks; P < 
.001). To further examine the nature of the \ 
positive cells we performed double stainings for 
and macrophage marker Cd68 and for vimentin and 
S1004A. The vimentin-positive cells were negative for 
Cd68 (Figure 5E), but positive for fibroblast marker 
S1004A (Figure 5F), indicating that most vimentin-posi- 



tive cells were fibroblasts. Thus, loss of Ihh not only 
results m epithelial changes that are highly similar to a 
wound healing response but also to the recruitment of 2 
of the principal cell types that play a role in wound 
healing, macrophages and fibroblasts. 

Loss of Smooth Muscle Cells in Ihh Mutant 
Mice 

Analysis of the expression of a-smooth muscle 
actin (a-Sma) and desmin in the normal mouse showed 
mainly desmin single-positive cells (smooth muscle cells) 
and desmin (v-Sma double-positive cells (smooth muscle 
precursor cells) (Supplementary Figure 5). We observed 
only rare (v-Sma single-positive cells in the villus cores 
because under normal circumstances myofibroblasts are 
located mainly in the pericrypi areas. 15 Their number is 
increased during wound healing, in inflamed tissues, and 
in tumor stroma. 15 - 16 Ihh mutant mice showed a sequen- 
tial and almost complete loss of the expression of a-Sma 
and desmin (Supplementary Figure 6A and B). First, 
a-Sma expression was lost around the 1-month time 
point with only rare remaining cells m the villus core. 
Desmin expression was lost between 2 and 4 months 
after recombination. We observed a substantial morpho- 
logic change in the a-Sma-positive and desmin-positive 
cells before they lost expression of these markers. 
These cells normally have an elongated appearance but 
rolled up into rounded cells after loss of Ihh at the 
earliest time point examined (Supplementary Figure 
6C and D). No apoptosis of mesenchymal cells was 
observed at any time point (2 weeks, and at 1, 2, and 4 
months) after recombination using an active caspase-3 
antibody and an appropriate positive control (data not 
shown), suggesting that smooth muscle cells are not 
lost by apoptosis. 

Prolonged Loss of Ihh Results in Progressive 
Leukocyte Infiltration of the Crypt Area, 
Villous Atrophy, and the Development of 
Intestinal Fibrosis 

At 4 months after recombination Ihh mutant mice 
developed chronic enteritis (Figure 6A and B). The in- 
flammation was characterized by a mixed infiltrate, con- 
sisting of macrophages, neutrophils, and T cells, and the 
presence of edema and blunting of small intestinal villi 
(Figure 7A). Macrophages increased from 1.3 F4/80-pos- 
itive cells per intercrypt area in the control mice (n = 3) 
to 16.3 positive cells 4 months after recombination (n = 
4; P < .001). Neutrophils increased from 0 Ly6G-positive 
cells per intercrypt area in control mice (n = 5) to 8.8 
positive cells 4 months after recombination (n = 5; P < 
.001). T cells changed from 0 Cd3-positive cells per in- 
tercrypt area in the control mice (n = 8) to 6.3 positive 
cells 4 months after recombination (n = 4; P < .001). 
Because profound changes in the composition and mor- 
phology of cells in the lamina propria preceded the de- 
velopment of inflammation, we examined the epithelial 
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barrier function of die Ihb mutant mice at 1 month after 
recotnhuut'cn fl • 1 > ^ K si i t . p v . i damage.) 
using Jjffei eat techniques hot found no defect in epithe- 
lial barrier function (Supplementary Figure 7). Blunting 
of the villi was increasingly pronounced along the prox- 
imal-distal axis of the small intestine (Figure 6A and B), 



giving large parts of the small intestine the appearance of 
colonic mucosa. In contrast to the development of an 
inflammatory infiltrate in the crypt area (Figure 7 A) we 
observed almost complete loss of Cd3-positive intraepi- 
thelial lymphocytes at 4 months and substantial loss of T 
cells from the villus core (Suj \ > > i 1 gure 8). At 6 
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months after recombination the villous atrophy and in- 
flammation was progressively worse. Hie structure of the 
lew remaining villus cores was gone, and in most of the 
small intestine the villi were now completely gone. At 
some places erosions were observed (Figure 6E). The Ihh 
mutant animals had not been growing as well as the 
control mice since the moment of recombination, and at 
S months after recombination they started losing weight, 
whereas the control mice kept gaming weight (Figure 6F). 
They weighed significantly less than the control group (P 
< .001). Even though mutant mice were losing weight at 
this stage no blood loss or diarrhea was observed and 
their stools had a normal appearance. 

Because the epithelial remodeling and influx of fibro- 
blasts and macrophages are characteristic of a wound 
healing response we examined the mucosa for possible 
changes in the extracellular matrix. A Sirius red stain for 
collagen showed progressive accumulation of collagen in 
the lamina propria from 2 weeks after recombination 
onward, ultimately resulting in an extensive accumula- 
tion in between the crypts (Figure 7B). The presence of 
intestinal fibrosis was further confirmed by immunohis- 
tochemistry for fibronectin, which showed a similar pro- 
gressive accumulation in the lamina propria (Figure 7C). 



Thus, loss of Ihh results in the progressive development 
of intestinal fibrosis. 

Discussion 

We find that loss of Ihh results in an epithelial 
response that is characteristic of epithelial wound repair 
and is associated with loss of both Bmp and Activin 
signaling in the epithelial cells. In addition to the epithe- 
lial remodeling we observed substantial recruitment of 
macrophages and fibroblasts, 2 critical mesenchymal cell 
types involved in wound repair, into the villus core. 
Unresolved loss of Ihh ultimately results in loss of 
smooth muscle cells, the establishment of a pericryptal 
mixed inflammatory infiltrate, loss of villi, mucosal ero- 
sions, and the development of extensive intestinal fibro- 
sis. 

The most salient feature of a wound repair response in 
the Ihh mutant mice is the rapid increase in the rate of 
epithelial proliferation, crypt fissioning, and lengthening 
of crypts. Although the increase in crypt length is pro- 
gressive in time, the rate of crypt fissioning returns to 
control levels at 1 month after recombination when crypt 
density is increased markedly. This suggests that at this 
increased density an Ihh-independent mechanism is ac- 
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tivateu thai stops crypt fissioning. The epithelial changes 
observed in i he Ibh mmani mouse are very similar lo tine 
adaptive response that is obseived after massive small- 
how..'! resection. 17 ' 18 It previously was found by others 
that expression of Ibb and I Hi target genes are almost 
completely lost after massive small-bowel resection in the 



mouse. 19 Our data now show that this is in fact sufficient 
to initiate the adaptive response in the absence of loss of 
intestinal tissue or intestinal damage. 

The epithelial remodeling events were associated with 
an almost complete loss of Smad signaling from the 
epithelium. Loss of phosphorylation of the Bmp-specific 
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Smadsl, 5, and 8 was associated with loss of Bmp4 ex- 
pressed in tbt -mdi mi ••sL^ul Li-s.iKh'.iii^ How- 
ever, because pSmadl,S,8 is not normally observed in the 
crypt epithelial cells its loss cannot be directly responsible 
for the crypt budding and elongation phenotype in Ihh 
mutant mice. This suggests a role for one or more addi- 
tional signaling pathways, acting directly on the epithe- 
lial cells of the crypt. We found that the key mediators of 
Tgfi/3 and Aclivin signaling pSmad2 and 3 were active in 
normal crypts. The activity of Smads 1,5,8 and Smads2,3 
is therefore mutually exclusive. Interestingly, it previously 
has been found that Smadl can compete with Smads 2 
and 3 for Smad4, the common mediator required for all 
Smad signaling to establish a bistable system (left vs 
right) in the establishment of left-right asymmetry in the 
early embryo. 20 It will be intriguing to examine die role of 
the nonoverlapping pattern of Smad activity along the 
crypt-villus axis. In the Ihh mutant mouse, pSmad2,3 was 
lost from the crypt and this loss may be one of the factors 
that result in the increased crypt fissioning, Wnt signal- 
ing, and epithelial proliferation. Because Tgf/3 signaling 
was up-regulated and Tgfj3 target Pai-1 localized exclu- 
sively to the villus mesenchyme, loss of pSmad2,3 from 
the crypt is unlikely to be related to changes in Tgf/3 
signaling. Loss of pSmad2,3 was associated with a down- 
regulation of Inhibin|3s, which encode for the subunits 
that form the Activins. Thus, our results suggest that 
Activins may be one of the mesenchymal signals that 
control crypt cell fate in response to Ihh derived from the 
differentiated cells. 

The second important feature that is reminiscent of a 
wound healing response in the Ihh mutant mice is the 
substantial recruitment of both macrophages and fibro- 
blasts to the lamina propria. Macrophages are a key 
component of the inflammatory phase of the wound 
healing response. 21 A third feature of the Ihh mutant 
mouse that resembles wound healing is the deposition of 
extracellular matrix proteins in the lamina propria. We 
observed a progressive accumulation of both collagen 
and fibronectin from week 2 onward. The fourth feature 
that is reminiscent of wound healing in the Ihh mutants 
is the apparent increase in Tgf-/3 signaling with appear- 
ance of Pai-1 -positive cells in the mesenchyme. 

Thus, loss of Ihh results in several aspects of a wound 
healing response such as epithelial remodeling, recruit- 
ment of macrophages and fibroblasts, and the deposition 
of extracellular matrix proteins. This suggests that the 
loss of Ihh protein expression that would be associated 
with loss of superficial intestinal epithelial cells is in itself 
sufficient to cause several key aspects of wound healing. 
In a normal wound the wound bed would soon be cov- 
ered with fresh epithelial cells, thus slowly restoring Ihh 
signaling to the underlying lamina propria cells. The later 
time points examined in the Ihh mutant mice may there- 
fore represent an unresolved wound healing response. 



Indeed, prolonged loss of Ihh results in the progressive 
accumulation of inflammatory cells around the crypts, 
and the development of mucosal damage and extensive 
intestinal fibrosis. This is an intriguing finding in light of 
the recent association between hypomorphic single nu- 
cleotide polymorphisms in the Hh transcription factor 
GUI and the development of inflammatory bowel dis- 
ease. 8 

Because the loss of villi seems to occur concurrent with 
the complete loss ofia-Sma and desmin-posilive cells it may 
be that the villi disintegrate owing to the loss of these villus 
core cells that may act to anchor the villi into the intestinal 
mucosa The villus atrophy shows an intriguing resem- 
blance to the histology observed in patients with celiac 
disease. Even the ultrastructural changes of the microvilli 
on the enterocytes are typical for those observed in celiac 
disease. 22 However, we find that there is loss of intraepi- 
thelial lymphocytes in the Ihh mutant mice rather than 
the accumulation that is one of the hallmarks of celiac 
disease. It is unlikely that loss of Ihh signaling plays a 
causal role in the development of celiac disease, h may be, 
however, that loss of epithelial Ihh expression results 
from the immunologic response to gluten in patients 
with celiac disease and therefore does contribute to the 
development of villus atrophy. 

Because the smooth muscle cells are at least numeri- 
cally the most important Hh target cells in the intestinal 
mucosa loss of Hh signaling in these cells may result in 
the coordination of the multiple changes observed in the 
Ihh mutant mice. Experiments currently are underway in 
our laboratory to examine more precisely the molecular 
changes in the Hh target cells that seem to result in the 
activation of a wound healing-like mucosal response. 

As we prepared a revised version of this article a study 
with many similarities to our observations was pub- 
lished. 6 In this study by Zacharias et al, Hh antagonist 
Hhip specifically was expressed in the intestinal epithe- 
lium from around birth. Thus, in this model Hhip is 
expressed during postnatal development of the intestine 
during which the intestine undergoes rapid growth and 
the crypt— villus system is established. Zacharias et al 
observe a similar proliferative response of the epithelium 
and loss of smooth muscle cells and a similar histology 
that is reminiscent of celiac disease at later stages. Our 
data show that the phenotype is not related to disruption 
of Hh during postnatal development of the intestine, at 
which time the crypts are being formed and the villus 
core is still developing, but is similar when Hh signaling 
is lost in a fully developed adult intestine. 

In conclusion, we find that Ihh not only acts as a 
negative feedback regulator of the epithelial cells but that 
loss of expression is sufficient to cause several aspects of 
an intestinal wound healing response. Unresolved loss of 
Ihh is ultimately detrimental to the intestine with the 
development of chronic enteritis, mucosal damage, and 
intestinal fibrosis. Our data suggest that the Ihh signal 



1676 VAN DOP ET AL 



GASTROENTEROLOGY Vol. 139, No. 5 



derived from the superficial epithelium may- 
critical sensor of epithelial integrity in rru 
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Supplementary Materials and Methods 

Histology and Morphometry 

H&E staining ^ i fvil "*mg standard 

procedures. For rourpiionK'trv ihi- soil war..- proyr.im im- 
age) (freely available at: rsbweb.111h.gov/ij/) was used. 
Length of crypts and villi were measured in at least 15 
crypts and villi per mouse were measured in at least 2 
different regions of the duodenum. The percentage of 
fissioning crypts was counted per 250 crypts in each 
mouse. We defined a crypt as a fissioning crypt from the 
moment we could see the development of a fissure that 
bisected the crypt base creating 2 (or more) crypts to the 
moment that this fissure reached the lumen and the 
appearance of a bifurcating crypt had disappeared. 

Immunohistochemistry 

Slides were deparaffinized, dehydrated, and im- 
mersed in 1.5% H 2 0 2 in phosphate-buffered saline (PBS) for 
30 minutes. We used different methods of antigen retrieval. 

NaCi. Slides were cooked at 100 °C for 20 min- 
utes in 0.01 mol/L sodium citrate (pH 6). 

Tris/ethylenediaminetetraacetic acid. Slides were 
cooked at 100 °C for 20 minutes in Tris/ethylenediami- 
netetraacetic acid (EDTA) buffer (10 mmol/L Tris, 1 
mmol/L EDTA, pH 9). 

HCI and pepsin. DNA was denaturated in 2 N 
HCl for 30 minutes at 37° C. Slides were prerinsed in 0.1 
mol/L Na 2 B 4 0 7 (borax) 3 times for 5 minutes and sub- 
sequently thoroughly rinsed in PBS. Enzymatic pretreat- 
ment was performed by incubating slides in 0.4% (wt/vol) 
pepsin in 0.01 N HCL for 30 minutes at 37° C. 

Proteinase K. Slides were incubated for 15 min- 
utes at 37° C in proteinase K solution, 19 mL ofTE buffer 
(6.1 g Tris, 0.37 g EDTA, 5 mL Tnton-X filled up to 1000 
mL with distilled H 2 0 (dH 2 0), pH = 8.0), and 1 mL of 
the 20 X proteinase K stock solution (4 mg proteinase K, 
5 mL TE buffer, and 5 mL glycerol). 

Pepsin. Slides were incubated in 0.025% pepsin in 
0.1 mol/L HCl at 37° C for 15 minutes. After antigen 
retrieval slides were blocked with Teng-T (10 mmol/L 
Tris, 5 mmol/L EDTA, 0.15 mol/L NaCl, 0.25% gelatin, 
0.05% [vol/vol] Tween-20, pH 8.0) for 30 minutes, fol- 
lowed by incubation overnight at 4°C with the primary 
antibody in PBS with 0.1% Triton X-100 and 1% bovine 
serum albumin. For detection of primary antibodies an 
avidin-biotin detection system was used. Secondary anti- 
bodies were from Dako (1:200) (anti-mouse, E0433; anti- 
goat, E0466; anti-rabbit, E0432), diluted in PBS with 10% 
human serum and incubated for 1 hour at room temper- 
ature. Slides then were incubated for 1 hour with horse- 
radish-peroxidase (HRP) -conjugated avidin-biotin com- 
plex (DAKO, Glostrup, Denmark; K0355). For detection 
of some primary antibodies we used PowerVision Plus 
Poly-HRP detection system from Immunologic (Duiven, 
The Netherlands) (DPVB + 110 HRP). Peroxidase activity 



was detected with Sigma Fast 3.3-diaminobenzidine Tab- 
lets (Sigma, St Louis, MO; D4293). Sections were coun- 
terstained with hematoxylin, dehydrated, and mounted 
with Pertex (Histolab, Rockville, MD; 00801). 

For staining of alkaline phosphatase, slides were dehy- 
drated and subsequently washed 3 times for 10 minutes 
in NMT buffer (mix 50 mL 1 mol/L Tris pH 9, 10 mL 5 
mol/L NaCl, and 25 mL 1 mol/L MgCl 2 , and fill this up 
to 500 mL with dH 2 0). Then slides were incubated in 
a Nitro blue tetrazolium/5-Bromo-4-chloro-3-indolyl 
phosphate (NBT/Bcip) solution for 10 minutes. For 
preparation of NBT/Bcip solution dissolve 1 tablet of 
NBT (10 mg, Sigma N5514) in 1 mL and 1 tablet of Bcip 
(25 mg, Sigma B0274) in 500 juL dimethylformamide. 
Take 17.3 ttL of Bcip solution and 166.7 LiL of NBT 
solution and mix with 5 mL NMT buffer. Slides were 
counterstained, dehydrated, and mounted. 

Sirius Red staining was performed using a standard his- 
tochemical protocol. Slides were de-waxed, rehydrated, and 
incubated in Picro-Sinus red solution (Direct Red 80; 
Sigma Aldrich 365548, dissolved in 500 mL of saturated 
aqueous solution of picric acid; Sigma, P6744-1GA) for 1 
hour. Slides were washed 2 times in acidified water (5 mL 
acetic acid [glacial] to 1 L of dH 2 0), dehydrated in 3 changes 
of 100% ethanol, cleared in xylene, and mounted. 

Immunofluorescent Staining 

For immunofluorescent double staining the slides 
were pretreated as for immunohistochemistry (see ear- 
lier). Antibodies (Supplemental}' Table 1) were diluted in 
PBS with 0.1% Triton X-100 and 1% bovine serum albu- 
min and slides were incubated overnight (o/n). The next 
day slides were washed in PBS and incubated for 2 hours 
in donkey-anti-rabbit 488 and donkey-anti-goat 568 (A- 
21206 and A-11057, respectively; Invitrogen, San Diego, 
CA) diluted 1:1000 in PBS with 10% serum at room 
temperature. Slides were washed and mounted with 
Vectashield (H-1000, Vector Laboratories, Burlingame, 
CA) with 4',6-diamidino-2-phenylindole (10236276001; 
Roche). 

LacZ staining 

The small intestine was collected and flushed with 
PBS. The tissue was prefixed in cold 1% paraformalde- 
hyde (PFA) in PBS for 2 hours. The tissue was washed 3 
times for 15 minutes in PBS and incubated in an X-gal- 
containing solution (5 mmol/L potassium ferricyanide 
crystalline, 5 mmol/L potassium ferricyanide trihydrate, 
and 2 mmol/L magnesium chloride) in 50 mL PBS with 
1.25 mL of the X-gal stock solution (20 mg/mL X-gal in 
dimethylformamide; Qiagen, 129931) for 3 hours at 
37° C, then o/n at room temperature, shaking in the 
dark. The tissue was washed in PBS and fixed o/n in 4% 
PFA. 
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Supplementary Tabie i. Antibodies and staining protocols 





Concentration 


Company Ct 


slaioeue number 


Antigen retriev 


a! Secondary antibody 


„-Sma 


1:200 


Abeam, Cambridge, UK 


ab5694 


NaCi 




ff-Sma 


1:100 




?vi0851 


NaCi 


Fluorescent 




1:1000 


BD Biosciences 


610154 


Tris/EDTA 


Immunologic 


BrciU ' 


1:500 




B2531 


HCi and pepsin Dako 


Cd3 


1:100 




A0452 


Tris/EDTA 


immunologic 


CMA 


1:500 


Seiotec. Raleigh, NC 


L967 


NaCi 


Dako 


Gd68 


1:200 




M0814 


NaCi 


Fluorescent 


Dosrnlr; 


1:100 


Epltomics. Ruriingame. 

CA 




NaCi 


Dako 


Desniin 


1:50 


-> J ! , 1 i 


sc-7559 


NaCi 


Fluorescent 


EphB2 


1:50 


P.&D. Pioascsnton. CA 


AF467 


NaCi 


Dako 


EphB3 


1:50 


R&D 


AF432 


NaCi 


Dako 


F4/80" 


1:100 


BMABiomedicals, Augst, 


T-2006 


NaCi 


immunologic 






Switzerland 








I "O: ■' > ill I 


1:100 


Abeam 




N 


■ 




1:400 


Dako 


A0099 


Proteinase K 


r^ko^ 0 


Ly6G 


1:1000 


BD Phan-ningen, San 


553127 


Pepsin 


immunologic 






^ Diego, CA 












Santa Cru? 


?c v'? 


NaCi 


Dako 


Pai-1 


1:100 


Santa Cruz 




NaCi 


Dako 


pSmadl.5,8 


1:200 


Ceil Signaling, Danvers, 
MA 


9511 


NaCi 


Dako 


pSmad2,3 


1:250 


Cell Signaling 


3108 


NaCi 


Dako 


S1004A 


1:100 


;nt. CA 


RB-1804A1 


NaCi 


Immunologic 




1:100 


Cell Signaling 


3932 


Tris/EDTA 


Immunologic 




1:20 


Sigma Aidrich 


V4630 


Trypsin 


Fluorescent 


EDTA, ethylen 


ediaminetetraacetie acid 










"For this stain ig an additional a 


at:on step v» <: s parol mod. On day 7. 


after incubation with 


the primary antifc 


ody, we added rabbit anti-rat 


F(ab'}2 im>i :i - n1- ;5nu;i;piTi t.i<n ■ 6130-Oi) :.:>■:: PBS j: ■ moi 








'The lot number of this Ihh antibody 1 


was lot #F1407. Although we were 




secificity of this 


antibody using intestines of 




7 mutant mice, this does 


not mean that this antibody does no 


; cross-react with Shh. because Shh is 


not expressed in the mouse 



Generation of Dig-Labeled Probes 

For mRNA in situ hybridization all probes were 
generated, by suhclotung mouse partial cDNA into a 
vector, A total of 1 /ag of linearized plasmid DMA was 
transcribed in vitro using either T3 ('Roche 1 10.31 163001) 
or T7 (Roche 10881767001) RNA polymerase in the 
presence oi Aiigovnt -l.ilx Ld uridine 5 '- U iphosphat e. Ail 
cDNA fragments were sequenced to verify the identity. 
Partial cDNA of LgrS (NMJJ10195.2, bo 289 -1274) was 
subcloned into trie T-easy vector (Promega, Fitchburg, 
WI; A1360) and linearized with Ncol (a.ntisense) and Spel 
(sense). Partial cDNA of OljwA (NM. .001030294.1, bp 
1076-1560) was subcloned into the T-easy vector and 
lii ic.:i i Lit v ii I: v ; m 1 (an ti-.n- ■ ; and >:ad i-sii-ei. In vitro 
transcription was performed lblio\v;ug the protocol of 
the ctnnu I II > 1 70 t labeling mix ( Roche 

1277073). The RNA pellet was dissolved in 100 ' ftL of 
diethylpyrocarbonate (DEPC)-treated water and 100 (iL 
offormami.de and stored at -80°C. 

Generation of 3S S-Uridine 
Triphosphate- Labeled Probes 

Partial cDNA of Ihh (NM. 010544, bp 766-2464) 



with Sail (aniisense) and NotI (sense). A reaction was set 
tip with 2 ui. lineaii/'ed piasmid i)NA (0.5 /j,g/mL), 2 juL 
10 X transcription buffer (Roche 1465384), 2 uL 0.1 
rool/L di.th.iothre.itol (Si.gma-Aldri.ch D0632), 0.5 jwL 
RNase inhibitor (Promega 20325507, 40 U/raL), 4 uL 2.5 
mmoi/T. nucleotide triphosphates (N'i'Ps) (Roche I 140 %'5 
[adenosine i 1 | t Ho "J i I i I >-p nj 
and 1 140 957 iguanosiiie triphosphate]), 10.5 /xL sterile 
destined DEPC-treated water, 2.5 juL [100 ju,Ci] a 3S S- 
1 i d 1 i j i t - 1 ) - i u I 

juL SP6, T3, or T7 RNA polymerase (10 U/raL) (Roche 
810274, 10882767, 11031163, 20 U/raL). This mixture 
was jnctibated at 37°C lor 2 hours. Then (3.5 ;xL H_>0, 4 
(iL 10X DNAse buffer (Promega M198A), 2 ,uL RQ1- 
DNAse (Promega M610A), and 0.5 |xL RNase inhibitor 
i is add- d i i an ; ioi ! ton .n ( 

for 20 minutes. To stop the reaction 10 ;xL Stop Buffer 

lie i - \ ee K I i t Ul\ Ute •< •> 

i i j i 3 5 >t 1 linutes nbo| vert 
column purified using Chroma Spin-30, DEPC-H 2 0 G50 
Columns (BD Biosciences, Franklin Lakes, Nj; 636087) ac- 
cording to the. manufacturer's ruauual and stored, in 900 uL 
hybridization mixture (50% formamide, 0.3 mol/L NaCi, 20 
n n< s ] > s ( -.j ^ [ UaP<\ pES 8.0], 
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LSg bovine* tm dbu i 2.5 g col >.5gpo!yt) wlp> 
rolidone m 250 ml. dl [-< C 0 * mg raL veast transfer RNA 
'Invitrogen 1S40-011) a;: -80°C " 



In Situ Hybridization 



MS • 



edit 



vhv 



#18835) and a 



i before use. Paraffin-embedded tis- 
sue was sectioned (8 p: in) and mounted on SuperFrosi Plus 
microscope slides (Men/.ei ( iljisi-r. Braunschmeg, 1 k*rmanr, 
J1800AMNZ). Tissue slides were dc, urafi n usi ed, rehydrated, 
and post fixed in 4 pai formaldehyde in PBS on ice for 20 
minutes. After rinsing the slides twice in PBS for 5 minutes, 
sections were overlived with 500 fiL of 40 ug/mL protein- 
ase K (Roche 161519) in 50 mmol/LTris HCl (pH 8.0), 5 
mmol/L PDTA, and incubated for 7,5 minutes. Slides were 
washed in PBS for 5 minutes and relaxed in 4% paraformal- 
dehyde in PBS on ice for 5 minutes. Slides were washed 
shortly in PBS and dH 2 0 and placed in 0.1 mol/L trietha- 
nolamine (Fluka, St Louis, MO; 90279) on a magnetic 
stirrer. While slitting 625 ju.L of acetic anhydride (Sigma 
A-6'404) was added and left for 10 minutes. Slides were 
washed, with PBS for 5 minutes each. Slides were dehy- 
drated and air dried. Probe stocks were diluted 100 X in 
hybridization mixture (see earlier) and heated for 2 minutes 
at 80 °C and placed on ice. The probe mix was brought to 
room tempi Uui tnd rea i r i issues a id 
covered with a cowslip. As negative controls, sense probes 
were applied. Slides were incubated overnight in a hybrid- 
ization oven at 55" C together with tissues soaked in 50% 
formamide and SX saline sodium citrate (SSC; 43.8 g NaCl, 
22 g sodium citrate in 1 L H 2 C), pH 6.4) to prevent dehy- 
dration of she tissues. The next day slides were washed in 
5X SSC at room temperature, followed by a high-stringency 
wash in 50% formamide, 2X SSC at 55 °C. Subsequently, 
slides were washed in STE buffer (0,5 mol/L NaCl. 10 
rntnol/L Tris HCl [pH 8], 5 mmol/L EDTA) 1 time at room 
temperature and 3 times at 37" C for 10 minutes each. 
Slides were treated with 20 jag/mL RNase (Sigma R6513) in 
50 mL STE at 37" C for 30 minutes, washed with STE at 
37° C for 15 minutes, followed bv another high -stringency 
wash in 50% formamide, 2X SSC at 70°C for 30 minutes. 
Slides were washed, with 2X SSC at room temperature for 
15 minutes. Alter this step slides were dihydraied. air-dried, 
and w m iltiu! '"ituslum i'l.v i - RPV i\ 

to dei num. u ; utpostiii unit to LCI i solution Fot tu- 
toradiographv slides were treated with hypercoat LM-1 
emulsion (Am. t -him ki'X-lo. a: ....ding m the manufac- 



RNA Isolation and cDNA Synthesis 

For isolation of RNA an RNeass kti hem Qtagen 
(74104) was used. The proximal part of the duodenum 
was homogenized, in buffer RLT, using a rotor-stator 



M198A) for 30 minutes at 37" C. The reaction was stopped 
by adding Stop Solution {Protnega M199A) and incubating 
the solution for 5 minutes at 65° C. cDNA was synthesized 
from a mixture of 100 ng/'/xL RNA, first-strand buffer (In- 
vitrogen y02321), deoxynucleoside triphosphates (Invitro- 
gen "18427-0 13) j random hexamers (Promega #C1181), 
RNAse inhibitor (Promega 2376681 0),' and Superscript II 
Reverse Transcriptase (Invitrogen 18064-014). This mixture 
was incubated at 25°C for 7 minutes, 42"C for 60 minutes, 
95°C for 3 minutes, and cooled to 10 °C. 

Quantitative RT-PCR 

Quantitative R'l -PCR was performed using a mix of 
5 uL Sybr Green Mastermix (Roche, #04707516001), 3 fiL 
H 2 0, 1 jxL primer mix, and 1 ,uL diluted cDNA (1:4). 
Pnmers were all pre-opumized primers from Qiagen ; Bmp2 
(QT010S4277), Bmp4 (QT0011 3 J 74), limp? (QT0O0')602<>), 
Gapdb (QT01658692), GUI (QT00173537), Goosecoid 
(QT00095221), Hhip (QT00147518), Ml (QT01743756), Id2 
(QT01038870), M3 (QT002483 85), !d4 (QT00324352), Ihb 
(QT00096215), Inba (QT00246953), Inbfia (QT00101563), 
Ink jib (QT00245259), Inhfic (QT00091651), InhfSe 
(QT00250803), Pai-1 (QT00154756), Ptcbl (QT00149135), 
Ptcb2 (QT01763783), TgfBl (QT00145250), Tgj32 
(QT00 106806), and Tgfli3 (QT00166838). A LightCycler 
480 instrument II (384-well version) from Roche 
(#05015243001) was used for the quantitative RT-PCR as- 
say. ( ainceutrutions were divided ly the amount oi'Gdpdb m 
each sample. Expression of Gapdb was distributed equally 
between the wild-type and the Ibis mutant mice. 

Intestinal Permeability Assays 

Ussing chamber experiments. Ussing chamber 
experiments were performed as previously described.' 
Segments of tissue of the distal small intestine were 
opened, cut, and immersed in Meyler's buffer (128 
mmol/L NaCl, 4.7 mmol/L KCl, 1.3 mmol/L CaCl r 2 
H 2 G, 20.2 mmol/L NaHC0 3 , 0.4 mmol/L NaH 2 P0 4 -H 2 0, 
0.33 mmol/L Na 2 HP0 4 -2 H 2 0, 1 mmol/L MgCl 2 -6 H 2 0, 
10 mmol/L HEPES, 10 mmol/L D-glucose). Within 15 
minutes, the tissue was mounted in Ussing chambers 
(World Precision Instruments, Berlin, Germany) with se- 
rosal and mucosal areas exposed to 2 mL of circulating 
oxygenated Meyler's buffer and maintained at 37° C. 
Short-circuit current (in juA/cm 2 ), a measure of net active 
ion transport, was recorded by a computer connected to 
a voltage-clamp system. After 15 minutes, HRP was 
added to the luminal buffer at a final concentration of 10 
/imol/L. After 30, 60, and 90 minutes, samples (300 uL) 
were taken on the serosal side and replaced with fresh 
buffer. The enzymatic activity of HRP was measured 
using OPD (Sigma, P5412) as substrate. 
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Everted Gut Sac 

Intesrin ulitj was assessed by measuring 

permeability to HRP in isolat d gments of ileum as 
previously described. 2 " 4 In short, 8-cm segments of the 
distal ileum were washed, everted, and filled with 1 mL of 
Meyler's buffer (see earlier) and ligated at both ends. The 
filled segment was incubated in Tris buffer containing 40 
mg/mL of HRP (Sigma). After incubation at room tem- 
perature for 45 minutes, segments of ileum were removed 
from the buffer, and the content was carefully collected 
in a 1-mL syringe. HRP activity was measured spectro- 
pho to metrically at 405 nm after addition of tetrameth- 
ylbenzidine (TMB) as substrate for HRP. 

Fluorescein Isothiocyanate-Labeled Dextran 
Uptake in the Blood 

The uptake of fluorescein isothiocyanate-labeled 
dextran in blood was assessed as previously described. 5 - 6 
Mice were administered 0.6 mg/g body weight of an 80 
mg/mL solution of fluorescein isothiocyanate- dextran 
(FD-4; Sigma) per gavage. After 4 hours peripheral blood 
was collected. A standard curve was generated from di- 



lutions of fluorescein isothiocyanate- dextran in PBS. Ab- 
sorption of 50 jLtL serum or standard was measured in a 
fluorometer at 488 nm. 
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Supplementary Figure 1. One month after recombination a mild 
1i n p't in . f l ^ ji n in the wild-type 

mica vs 525 fan in the mutant mice; -p . .05;. 
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Supplementary Figure 3, ia ; iam-iunehiatocnerr'.istry few lysozyme. a Paneth eel: marker. 1 month aff«B- >econribirotiori. A rroclest ir 
iysozyme- positive eel:-; waa ooserved a; the base of trie crypts ol mutant mice 1 month after recombination. We found 3.2 po&tsve ceils per crypt in = 
8: versus 4.1 positive ceils per crypt in the ihh mutant mice (n - 6; "P - .0 1 6). (8) Immunohistcahen-rstr y tor Aician Blue, a GoDiei ceil marKor 1 month 
after recombination The relative increase in Gorier cells -/./as act significant {P - .06; n 5 for both control and mutant groups;. (Q Immunohfo- 
tochemistry for chromogrartin A. a marker for enteroendocrine ceils, 1 month after recombination. No difference was found in the relative amount of 
sntaroandesriue I bef-a-eea the controi and the mutant mice {P = .8; n = 5 for both groups.). C- a -a iv-jgr-totJon. 200/ 
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Supplementary Figure 4. imir.uncr'.isiochemi.wy fct 8mp a'q-a :a-ge: •'■'a- 1 showed -icieased levels, c: Pai-1 in the mesenchyme of mutait 
rriics; 1 month after recom^it-oiioa Original magnification, 400 x. 
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months after reaxr.bino.ticr. jr>i disappeared at A months after recombination. (C and D) a-Sma and -Mw.: i<-<:U»y i.dh h «t ,jfof»i :H-;i 
appearance in the control mice, in the !hh mutant mice. 1 month after recombination th-? remaining «.Sm.>ixwi!ive ceil.-, 3 nd the riesmin- positive 
ceiis had lost their elongated structure and seemed to -oil up into a sphere- ik.e ;:-hape. Oigmai mayn^catic-ns. iA and B) 200 x and iCandD; -100/. 
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Supplementary Figure 7. No difference in barrier fund ion between control mice and ihh mutant mice 1 month olio; regeneration. (A) Ussing 

■ 1i,;i::hOi uXpnrji>K:nt i ! ICS".: .:: :! :ij IfwaUwiiKOaTOUnt O* «RP pdSS ' ' ' ' ■ .;: ' S •' ■ C r.'IVjil irtKr-tinn in '0. 60. :jl itj X- n i:i I:*!*: ":l id (S) t!"!<3 BV&aQe 

(!!■•< tsf;!w::-o»; ir-c ■ Hic-roni Isnw; co :: 'lc (Q Air-c^nt ■:: • !• U 1 ■;;) • ;; : c ::■ ., : t to 're seiosa: side in .jr. -iv-iilc-d yij: cic. ■//■ : oveis of fluorescein 

isothiccyanate-- -labeled dextran measured in the serum 4 hours after administration per gavage. 
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Supplementary Figure 8. The number of Cd3-posltlve Iniraepiiheiial lymphocytes decreased frorr 1 .7 ce 3 > c 3) to 3.5 cells In 

nutant mice t 1 - = <i; P 0i 1 1 a™ _o Lo'fue 

ceils in corrtroi mice (n - 8) to 9.3 positive cells in the mutant mice 4 months after recombination (n - 4; ***P CO j; iginai iris o t)400X 
and (.8) 200 X, 



